Human endogenous retroviruses (HERVs) are retroviruses that infected human genome millions of years ago and have persisted throughout human evolution. About 8% of our genome is composed of HERVs, most of which are nonfunctional because of epigenetic control or deactivating mutations. However, a correlation between HERVs and human cancer has been described and many tumors, such as melanoma, breast cancer, germ cell tumors, renal cancer or ovarian cancer, express HERV proteins, mainly HERV-K (HML6) and HERV-K (HML2 
Introduction
Retroviruses are a subgroup of viruses characterized by their ability to integrate their genome into host-cell DNA. Retroviruses are double-stranded positive-sense RNA viruses that use reverse transcriptase enzyme to transcribe their RNAs to DNAs. The resultant DNA is later integrated into host DNA through viral integrase enzyme. Viral-integrated DNA (proviral DNA) is translated and transcribed to proteins as part of host genome using the genetic machinery of infected cell [1] [2] [3] .
The genomic structure of retroviruses is composed of gene gag, pol/pro, and env flanked by two long terminal repeats (LTRs) . These open reading frames (ORFs) encode structural and functional viral proteins, and LTRs encode promoter and polyadenylation signals 4 .
Most retroviruses, such as HIV-1, cause infectious diseases in humans. Some of them can also cause cancer in animals and humans. For instance, Rous sarcoma virus incorporates proto-oncogene c-Src into the viral genome, and v-Src triggers tumor formation in hosts 5 . Endogenous retroviruses (ERVs) were described in the late 1960s as retroviral sequences integrated in genome of some animals millions of years ago, following the integration of viral genome into germinal cells 6, 7 . ERVs are commonly inactive and unable to replicate; they play an important role in species evolution. Among the most relevant example is the discovery of the major role of env gene of HERV-W syncytin in the development of syncytiotrophoblast of placenta 8 .
Human ERVs (HERVs) account for 8% of the human genome; they are classified as class I or II depending on whether their sequences are homologous to mammalian type C retroviruses or mammalian type B and D retroviruses, respectively 7 . These HERV genomes are not replicationcompetent because of the acquisition of mutations or loss of relevant genes during host evolution 9 . Furthermore, HERV transcription is controlled by epigenetic mechanisms 10 . Therefore, uncontrolled HERV activation may induce relevant physiological consequences 11 . HERV MER41.AIM2 regulates the transcription of gene absent in melanoma 2 (AIM2) that encodes a sensor of free cytosolic DNA for immune response to viral infections 12 .
Potentially, HERVs could cause diseases, such as autoimmune disease or cancer, through several mechanisms. HERV-related cancer could be induced by the activation of HERV sequences through hypomethylation; expression of oncogenes, such as HERV-encoded Rec and NP9; inactivation of tumor suppressor genes via mutational insertion; homologous recombination; transcription of close oncogenes or growth factors via LTRs; and induction of syncytial formation by Env protein that could aid the dissemination and progression of cancer cells. However, such induction has not been clearly demonstrated. Evidence supports a possible role of HERVs in human cancer because many proteins from HERVs, such as the proteins from HERV-K MHL1 and MLH2 in melanoma and other tumors, are found in certain tumors. The causative role is uncertain, but its important role in the development of a cross-effective immune response against cancer is recently demonstrated. Consequently, the relationship between virus and cancer attracts interest. In this paper, we summarize the current knowledge on this topic.
HERVs: structure and function
Similar to any integrated retrovirus, a complete HERV sequence is flanked by two LTRs that are genetic regulatory sequences. The ORF gag, pro/pol, and env are present between the LTRs and codified structural and functional viral proteins. LTRs can regulate the transcription of HERV and host genes because LTRs contain a transcriptional promoter and enhancer core 13 .
Integrated HERV sequences accumulate mutations or recombination events that eliminate the infectious capacity of retrovirus. One LTR is commonly lost by recombination of two LTRs ("single LTR"), thereby losing its capacity for replication 14 . HERVs also exhibit important alterations in their ORFs that cause their replication defective, thereby losing their capacity to move into the genome 15 .
HERVs are classified into 22 families according to their sequence identity; their nomenclature refers to the first-letter amino-acid core of the tRNA of the primary binding site used by HERV to start reverse transcription 16 . HERV-K is the most recent HERV family obtained from humans at around three million years ago. HERV-Ks are formed by 11 subgroups (HML-1-HML-11); the most-studied cancer is HERV-K (HML-2), which is the only one with intact fulllength ORFs 17 .
HERV and cancer

Expression of HERVs in cancer cells
Many studies have identified the expression of HERV protein in cancer tissues, but its causative role in cancer development remains controversial. Several factors, such as UV radiation, estrogen hormone, and smoking, have been proposed as a cause of HERV protein expression in cancer tissues. Furthermore, intrinsic activation of the MAPK and p16INK4A-CDK4 pathways lead to HERV protein expression in melanoma 18 .
HERV-K Env protein has been identified in melanoma by immunohistochemistry using HERV-K Env-specific monoclonal antibody 6H5 19 . The antigen HERV-K-MEL is expressed in 85% of malignant melanocytes from normal nevi and dysplastic lesions to metastatic melanoma. The expression of HERV-K Env in melanomas is higher than that in benign lesions, especially in metastatic tumors 19 . HERV-K Env is also found in other tumors, such as breast cancer, ovarian cancer, teratocarcinoma, sarcoma, and bladder cancer [20] [21] [22] [23] [24] . Transcripts from HERV-E (CT-RCC) are expressed in von Hippel-Lindau (VHL)-deficient renal carcinomas 25 . Regulation of HERV activation in renal cell carcinoma by VHL gene is of particular interest. When VHL transgenes are introduced into VHL-deficient carcinoma cell lines, HERV-E expression is suppressed. This result demonstrates that VHL controls provirus activity 25 .
High plasma levels of the mRNA of various HERV env genes (HERV-K, HERV-R, and HERV-H) have been found in primary breast cancer patients comparing with normal controls [26] [27] [28] . The levels of these genes decrease during treatment with adjuvant chemotherapy, thereby suggesting a close relation with clinical cancer evolution and a possible role for identification of the persistence of microscopic disease in primary breast cancer patients 29 . Anti-HERV-E, anti-HERV-K (HML-2), and anti-ERV3 antibodies are also detected in more than 30% of ovarian cancer patients 30 . The levels of these antibodies are higher in patients with lymphnode-positive breast tumors 28 . In addition, the presence of serum antibodies against HERV-K proteins in stages I-III melanoma patients has also been described and is a prognostic factor for poor survival 31 .
Possible mechanisms of oncogenesis
The association between cancer and ERV was first observed in a high incidence of thymic lymphomas in mice, which specifically involves AKR, HRS, and C58 strains. Over the years, subsequent studies demonstrated a viral etiology, which probably results from enhanced-mediated insertional activation of a proto-oncogene. Young et al. 32 described the potential of Rag1-mouse-associated retroviruses (RARVs) to replicate in T and B lymphocyte-deficient Rag1 mice compared with purified macrophages from B6 wild type. They observed that almost 67% of the mice show signs of morbidity, and all mice present large tumors and anemia. Tumor analysis revealed high expression of eMLV Env and pol DNA copy numbers; therefore, RARVs had infected cells that cause lymphomas.
HERVs can transform benign cells through different mechanisms (Figure 1) . First, HERVs possess two LTRs that recruit transcription factors from the infected cell for retroviral gene transcription. These LTRs can also enhance transcription of host cell genes, which leads to uncontrolled cell proliferation. A high transcription of the colony stimulation factor receptor 1 in Hodgkin's lymphoma is caused by reduced expression of transcriptional co-repressor CBFA2T3 (also called MTG16 or ETO2) that inhibits the activity of LTR THE1B in normal cells. Reduced CBFA2T3 expression is caused by the CpG methylation of this gene's locus 33 .
As a second oncogenic mechanism, some HERVs, such as HERV-K types I and II, encode potentially oncogenic proteins, such as Np9 and Rec, which interact with transcription factors, including promyelocytic leukemia zinc finger, and activate immunosupressor pathways, such as the beta-catenin pathway 34 . Conversely, the transcription factor MITF, which is commonly over-activated in melanoma cells, is necessary for the transcriptional activity of the LTR of HERV-K, as demonstrated when forced MITF expression in non-melanoma HEK293 cells activates the HERV-K 35 .
HERV-induced chromosomal translocation in somatic cells is a third oncogenic mechanism. In prostate cancer, HERV-K and oncogene E26 transformation-specific displays fusion (36) , and insertion polymorphisms of HERV-K are correlated with the risk of developing lung adenocarcinoma in non-smokers 37 .
Finally, HERVs can also promote an immunosuppressive response that may lead to cancer formation and spreading. Env protein contains an immunosuppressive domain, which is confirmed in animal models as a cause of tumor growth for tumor cells harboring the insertion of Moloney MLV (which is not recognized by the animal's immune system) and in env knockdown in B16 melanoma cells and Neuro-2a neuroblastoma cell lines 38 .
In conclusion, several potential mechanisms could be used by HERVs for cancer development in animals. Patients with altered immune vigilance system against viruses show increased cancer risk. When there are alterations in key elements of the innate immune system, such as pattern recognition receptors (PRRs), RIG-1, Toll-like receptors (TLRs), or AIM2, increased cancer risk is probably caused by uncontrolled HERV expression. TLR9 or TLR3 deficiency leads to the development of acute lymphoblastic leukemia 39 . Furthermore, a correlation exists between mutations in retroviral restriction factor SAMHD1 and human cancer 40, 41 .
HERVs as targets for cancer treatment
The frequent overexpression of HERV proteins in cancer cells has been proposed as a target for immunotherapy. Several studies and case reports have described responses to Bacillus Calmette-Guerin (BCG), yellow fever vaccine, or following a febrile process in melanoma patients 42, 43 . Although the mechanism of action is unclear, homology between BCG sequence and yellow fever virus vaccine and the sequence of HERV-K-MEL protein was described 44 . A case-control study demonstrated that people who received BCG vaccine during childhood or suffered from acute infection present a lower risk of melanoma than those in 
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other members of the population 45 . Immunoreactivity against melanoma is observed in vitro using sera from Rhesus macaques that received yellow fever vaccine. Furthermore, yellow fever vaccine has been proposed as a profilactic vaccine against melanoma (European Patent EP1586330A1).
Proteins codified by the env gene of HERVs, such as HERV-K and HERV-H, are immunogenic, and humoral and cellular responses are detectable against HERVs. Antibodies against HERV-K inhibit cancer cell growth in vitro and in animal models 46 . Tumors expressing antigens from HERV env genes are recognized by CD8+ lymphocytes 25 .
In ovarian 22 and breast cancer patients 47 , the activity of a dendritic vaccine combined with HERV-K Env antigens has been demonstrated in vitro. Other cellular vaccines are prepared using HERV-K Env-specific chimeric antigen receptor (CAR) T-cell vaccines using the Sleeping Beauty system for introducing HERV-K Env-specific CAR derived from mouse monoclonal antibody into T cells 48 . Recombinant cellular vaccines using the modified vaccine virus Ankara expressing HERV-K Env glycoprotein (MVA-HERV-K Env) 49 were also developed, and activity is demonstrated in vitro and in animal models. However, possible secondary effects in humans are concerned. In particular, vaccinating against HERVs antigens could be unsafe because these HERV proteins could play a role in the physiological functions of host.
Recently, a new treatment strategy has been proposed using the combination of histone deacetylase inhibitor (HDACi) and checkpoint inhibitors, such as anti-CTLA-4 antibody ipilimumab 50 . This method is based on the possible reactivation of HERV gene transcription using HDACi or DNA methyltransferase inhibitors that eliminate the epigenetic repression of HERV transcription. HERV expression activates the innate sensor response (PRRs) of single RNA strand (RIG1 and MDA5) and double RNA strand (TLR3) in cytosol that activates the interferon (IFN) type I response by secondary STAT1 activation 51 . PRR binding to their ligands activates the signaling pathways dependent on adaptor protein mitochondrial antiviral signaling protein (otherwise known as IPS-1). Consequently, this occurrence leads to the activation of the TRAF family member-associated NF-κB activator (TANK)-binding kinase 1 (TBK1) that induces IFN-regulatory factor-3 and 7 (IRF-3 and IRF-7), NF-KB-dependent gene expression, and subsequent production of IFN-beta. IFN-beta, when linked to its membrane receptor (IFNAR1/2), activates IRF9 and STATs, thereby the transcriptional activation of IFNstimulated genes with cytokine production and increased expression of major histocompatibility complex type I on cancer cells, which potentially increase cancer cell recognition by CD8 T cells 50, 52, 53 (Figure 2) . When a checkpoint inhibitor is used in combination, these drugs activate CD8 T cells and increase the IFN-γ gamma production by lymphocytes that increase the transcription of IFN-stimulated genes in tumor cells 50 .
Synergy between epigenetic drugs and immunotherapy has also been proposed 54 . In HDACi-treated animal models, this phenomenon promotes the production of CD8 effector cells and increases antitumor activity 55 . Combining hypomethylating agents with anti-CTLA-4 antibodies also increases antitumor activity 56 .
Conclusions
The discovery of HERV expression in several tumors results in novel cancer treatment strategies based mainly on manipulating immune response against these proteins that are selectively expressed in tumor cells and not transcribed in normal cells.
Immunotherapy for cancer treatment has recently achieved significant results. Several antibodies blocking checkpoint inhibitors, such as anti-CTLA-4 (ipilimumab) and anti-PD-1 (nivolumab and pembrolizumab) drugs, have been approved for treating advanced tumors, including melanoma and non-small cell lung cancer. Nevertheless, the efficacy of this strategy could be increased when combined with other drugs or radiotherapy. Combining drugs that block checkpoint inhibitors with epigenetic drugs is a promising approach. These drug combinations are based on preclinical model results on antitumoral immune responses targeting proteins derived from HERV genes in cancer cells.
